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Abstract (word count: 250 / 250 words)
Background
As muscle strength and function decline with age the optimal high impact physical activity(PA) that is required for bone remodelling is rarely achievable in older adults. This study aimed to explore the activity profiles of community dwelling older men and women, and to assess the relationship between individual PA profiles and lower limb bone parameters.  
Methods
Participants from the Hertfordshire Cohort Study wore triaxial accelerometers for 7-days and counts of low(0.5-1.0g), medium(1.0-1.5g) and high(>1.5g) vertical impact activity were calculated. Two-years later, participants underwent a pQCT scan of the tibia(4% and 38% sites) to obtain measures of bone mineral density(BMD) and bone geometry.  Linear regression was used to quantify associations between bone and PA loading profiles adjusting for age, sex, loading category and BMI. Results are presented as β [95% confidence interval]. 
Results
Bone and PA data were available for 82 participants. The mean(SD) age at follow-up was 81.4(2.7) years, 41.5%(n=34) were women. The median low-impact PA count was 5281(Inter-quartile range (IQR) 2516-12977), compared with a median of only 189(IQR 54-593) in medium, and 39(IQR 9-105) high-impact counts. Positive associations between high-impact physical activity and cortical area (mm2), polar SSI (mm3) and total area (mm2) at the 38% slice(6.21 [0.88, 11.54]; 61.94 [25.73, 98.14]; 10.09 [3.18, 16.99] respectively). No significant associations were found at distal tibia.  
Conclusions
[bookmark: _Hlk60669927]These data suggest that maintaining high(>1.5g) impact activity is difficult for older adults to achieve, however even small amounts of high-impact PA are positively associated with selected cortical bone parameters 2 years later.  
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Introduction 
[bookmark: _Hlk86227334]Numerous studies have shown the positive benefits of physical activity on musculoskeletal health, including prevention of falls, a reduction in fracture risk, maintenance of physical capability and increased bone mineral density.  The ‘mechanostat’ hypothesis theory states that forces generated through the mechanical loading of muscles influences bone structure by driving bone adaptations through changes in mass and architecture of the bone [1].  In vivo, it has been estimated that at least 1500 microstrains, typically generated by weight bearing physical activity, are required [2] to drive positive changes in bone [2].   Ideally the activity would impose dynamic, high-magnitude loads applied at a rapid rate and in differing directions, such as football/soccer, tennis, basketball [3] running, rather than non-weight bearing activities such as cycling and swimming. 
[bookmark: _Hlk70405159][bookmark: _Hlk69726475][bookmark: _Hlk70582842]Until accelerometers were developed,  Different methods have been used in the past to quantify and estimate the mechanical loading strain. Qquestionnaires were used to estimate the degree of loading to the skeleton through quantification of physical activity  [4, 5]. This proxy measure of mechanical loading was often obtained using self-reported physical activity are most commonly used to obtain self-reported physical activity in older adults [6]. , and the responses have been used to estimate the degree of loading to the skeleton  [4, 5]. A previous study has also used pedometers, and cumulative loading was calculated using a combination of the number of steps, walking speed, and weight [7]. More recently, an accelerometer-based digital method has been developed [8] and validated [9]. In this method, accelerometers are attached to the trunk and for characterizinge mechanical strain  physical activity according to vertical impacts has been developed [8] and validated [9] by attaching digital accelerometers to the trunk. Such data provide a much better characterisation of the loading patterns to which the skeleton is subjected through activity.   
[bookmark: _Hlk70582934][bookmark: _Hlk69726571]The positive benefits of differing physical activities to bone have been widely investigated. Elhakeem and colleagues findings suggested that walking and weight bearing exercise, such as tennis and dancing, may be important for better skeletal health in older age [5]. The benefit of resistance training on skeletal health has also been demonstrated. A meta-analysis by Martyn-St James and Carroll demonstrated that resistance training in women appeared effective in reducing postmenopausal bone loss at the hip and spine [10]. 
[bookmark: _Hlk86738083][bookmark: _Hlk86243104]In the United Kingdom (UK) the National Health Service (NHS) recommends that muscle-strengthening, such as cross-training machines or exercising with resistance bands, activities are completed at least twice a week from the age of 35 onwards to prevent natural bone loss [11].  However as we age there is an age-related loss of muscle force-generating capacity and power, including a loss of muscle mass and increase in intramuscular fat. This means that participating in physical activity that would generate strains required to prevent bone loss or generate bone acquisitionincrease bone formation becomes increasingly difficult for older adults [12, 13]. This was demonstrated in older adults where vertical activity counts above 3g were rarely recorded, showing the predominant form of activity in later life is low-impact  [14]. Therefore as higher impact activities become less feasible with age the advice to complete participate in high-impact activities may be having a demotivating effect on older adults to complete any physical activity [13]. Despite this there have been many studies have focussing onaiming to development of high-impact physical activity programs which can beare effective and well tolerated in older adults. Few studies have explored habitual levels of physical activity in older adults, and the effect these habitual levels have on bone strength. ThereforeTherefore, our study aimed to determine the activity profiles of community dwelling older men and women in the UK using accelerometers, and to assess the relationship between individual physical activity profiles and lower limb bone parameters.
Methods
Study participants
[bookmark: _Hlk68704464][bookmark: _Hlk86853677][bookmark: _Hlk86836038][bookmark: _Hlk69726651]The Hertfordshire Cohort Study (HCS) is a large, prospective population-based cohort study and has previously been described in detail [15, 16]. In brief the HCS was originally set up to study origins of adult disease across the lifecourse. Study participants are community-dwelling men and women in the United Kingdom (UK) who were born in the UK county of Hertfordshire between 1931 and 1939, and for those still living within the county baseline recruitment took place between 1998 and 2004 (1579 men and 1418 women). Since their first contact, HCS study participants have continued to take part in various follow-ups detailing their sociodemographic, lifestyle, medical and biological attributes. In 2014-2015, a subset of HCS baseline participants, residing in East Hertfordshire and who were previously included in the UK arm of the European Project on Osteoarthritis (EPOSA) [17] eligible study participants were approached and invited to participant in the Vertical Impacts in Bone (VIBE) study, a collaborative study with researchers in Bristol, London and Manchester [18]. Of this subset, 274 participants were approached and 143 As part of this study participants were provided with wearable activity accelerometers (with useable data obtained from 118 study participants). A further two-years later, participants were invited to attend a follow-up assessment in which a peripheral quantitative computed tomography (pQCT) scan was completed. 
[bookmark: _Hlk70340280]Ethical approval was granted from the Hertfordshire Research Ethics Committee (REC 10/H0311/59 and 11/EE/0196), and all participants gave written informed consent in accordance with the Declaration of Helsinki.
Physical activity accelerometry
[bookmark: _Hlk69726798][bookmark: _Hlk70415011][bookmark: _Hlk69726832][bookmark: _Hlk70328851][bookmark: _Hlk70583563][bookmark: _Hlk70324725][bookmark: _Hlk86229989][bookmark: _Hlk86239803]As part of the VIBE study, HCS participants received an activated GCDC x16-1c triaxial accelerometer (Gulf Coast Data Concepts, Waveland, Mississppi, USA) in the mail. Participants were asked to wear the monitor on a custom designed size specific elasticated belt over their right hip over a 7-day continuous period for a minimum of 10 hours a day, only removing the monitor for sleeping, washing and swimming. Accelerometers were configured to a sampling frequency of 50Hz, and raw accelerometry data were imported to Stata 13 (STATA Corp, College Station, Texas, USA) for standardised processing using custom designed code developed by Deere et al [8]. A protocol to clean the activity data, and then to condense into distinct impact band groups has been previously published by Deere and colleagues [19]. In brief data cleaning Y-axis acceleration peaks were identified based on accelerations which were higher than the preceding and subsequent reading and recorded within 14 pre-specified g bands.  These g bands were then condensed further to group all vertical impact peaks all study participants into three distinct bands per participant [8]. These bands reflect: low-impact physical activity peaks between 0.5-1.0g, medium-impact peaks between 1.0-1.5g and high-impact peaks above 1.5g [20].The higher-impact cut-point of >1.5g was selected as very few impacts were observed within higher g bands [8, 18, 19]. Low-impact activity peaks tend to be associated with activities such as walking, whereas an aerobics class would produce high-impact physical activity peaks (above 1.5g) [14]. Thus,  following processing, each individual 7-day activity data were collapsed into 3 variables, a count for the number of times they achieved a vertical impact load within a low-impact physical activity peak band, the number of times they achieved a vertical impact within a medium-impact physical activity peak band, and the number of times they achieved a vertical impact within a high-impact physical activity peak band.

[bookmark: _Hlk70409025]Assessment of bone by pQCT
[bookmark: _Hlk70583643]Data collection was single centre, MRC Elise Widdowson Laboratory, Cambridge, UK. Three operators acquired the scans, all were trained (by KW) and followed standard operating procedures for acquisition. PQCT scans of the non-dominant tibia were performed using a Stratec XCT2000 scanner (Stratec Medizintechnik, Pforzheim, Germany).  The tibial length was measured from the distal edge of the medial malleolus to the medial tibial plateau (mm), and slices were taken for the tibia scan at 4% distal tibia and 38% tibial midshaft. At the distal 4% site, CALCBD C1P1, a threshold 180mg/cm3 was used to separate bone from soft tissue, and trabecular from cortical-subcortical bone. At 38% site, CORTMODE 1 with a default threshold of 710mg/cm3 was used for cortical outcomes; 280mg/cm3 for polar strength strain index (SSI). 
[bookmark: _Hlk70341350]The CV of the centre for pQCT was calculated from repeat measures of 30 adults and is as follows: trabecular BMD = 0.9%; cortical BMD = 0.7%; cortical CSA = 1.5%. The quality assurance for pQCT was performed on all working days  and the trabecular attenuation and Tot CSA determined for the standard and cone phantoms were always within the accepted tolerance for both pQCT systems. All pQCT scans were scrutinized for movement artifacts and other potential problems to ensure that the scans were of sufficient quality to be included in the study [21].
Statistical analysis
Characteristics of study participants were described using means and standard deviations (SD).  Each Llow-, medium- and high-impact vertical impact count variabless were positively skewed and were log-transformed, medium- and high-impact physical activity counts included zeros and therefore a count of 1 was added to each study participant’s medium- and high-impact activity count to enable a log-transformation to be performed. 
[bookmark: _Hlk86241365]The three distinct groups of physical activity vertical impact variables were highly correlated and so to account for multi-collinearity residuals were derived for inclusion in regression models by adjusting: low-impact physical activity counts for medium- and high- impact counts; medium-impact physical activity counts for low- and high- impact counts; adjusted for medium, and low-impact physical activity counts. 
[bookmark: _Hlk86241936][bookmark: _Hlk86241406][bookmark: _Hlk86755202][bookmark: _Hlk70338325][bookmark: _Hlk69727580][bookmark: _Hlk70405005]Linear regression was used to examine the associations between individual pQCT (outcome) and each low-, medium- and high-impact vertical impact physical activity count (exposure) variables, as assessed by accelerometery. Men and women were pooled in these analyses as sex-interaction terms were not statistically significant. Given the close associations between BMI, physical activity, age, sex and bone, we have run both unadjusted linear regression models, and fully adjusted linear regression models, accounting for age at pQCT scan, sex, BMI and physical activity. Results are presented as β [95% confidence interval], with positive associations indicating that greater physical impact counts are associated with higher value of the bone parameters. 
All analyses were undertaken using Stata, release 14.0 (STATA Corp, College Station, TX, USA) [22]. 
Results
[bookmark: _Hlk86832769]Vertical impact Pphysical activity and pQCT data were available for 82 study participants, and a description of these participants is contained withinshown in table 1. At the time of pQCT scan participants were just over 81 years and 58.5% (n=48) of the study population were men, and the majority of study participants report having never smoked or being an ex-smoker (98.8% never / ex ).. Twenty-six percent of women in the study sample reported having osteoporosis, and just under 13% of men.

[bookmark: _Hlk86832200][bookmark: _Hlk86835229]Table 1: Study population descriptive statistics at pQCT scan
	
	All (n=82)
	Men (n = 48)
	Women (n = 34)

	
	Mean
	SD
	Mean
	SD
	Mean
	SD

	Age (yrs)
	81.4
	2.7
	81.4
	2.7
	81.3
	2.6

	Height (cm)
	167.7
	9.2
	173.3
	6.9
	159.8
	5.7

	Weight (kg)
	76.3
	14.3
	82.5
	14.1
	67.7
	9.5

	BMI (kg/m2)
	27.1
	4.1
	27.5
	4.3
	26.6
	3.8

	
	n
	%
	n
	%
	n
	%

	Social class
	
	
	
	
	
	

	 Non-manual
	40
	51.3
	20
	45.5
	20
	58.8

	  Manual
	38
	48.7
	24
	54.6
	14
	41.2

	Smoking Status
	
	
	
	
	
	

	  Never
	40
	49.4
	21
	44.7
	19
	55.9

	  Ex
	40
	49.4
	25
	53.2
	15
	44.1

	  Current
	1
	1.2
	1
	2.1
	0
	0

	Osteoporosis
	15
	18.5
	6
	12.8
	9
	26.5

	
	Median
	IQR
	Median
	IQR
	Median
	IQR

	Number of comorbidities a
	2
	1 - 4
	2
	1 - 3
	3
	1 - 4


a Comorbidities considered were high blood pressure, diabetes, lung disease, rheumatoid arthritis, multiple sclerosis, cancer, vitiligo, depression, Parkinson’s disease, heart disease, peripheral arterial disease, osteoporosis, thyroid disease, and stroke

[bookmark: _Hlk86741177]Figure 1 shows the distribution of physical activity counts by the three defined levels. As can be seen, the majority of vertical-impact counts recorded for study participants were within the low-impact physical activity group. The median number of low-impact physical activity counts was 5281 (inter-quartile range (IQR) 2516 – 12997). The median dropped to 189 (IQR 65 – 593) for medium-impact physical activity counts and 39 (IQR 9 – 105) for high-impact activity counts. A description of the study population lower limb bone and muscle parameters are presented in table 2. 


[bookmark: _Hlk86741247]Figure 1: Distribution of physical activity impact counts by levels
[image: ]

[bookmark: _Hlk68702372]Table 2: Lower limb bone outcomes study population descriptive statistics
	
	All (n = 82)
	Men (n = 48)
	Women (n = 34)

	
	Mean
	SD
	Mean
	SD
	Mean
	SD

	pQCT parameters
	 
	 
	 
	 
	 
	 

	4% Slice
	
	
	
	
	
	

	Total area (mm2)
	1322.64
	204.08
	1439.72
	162.08
	1160.79
	133.54

	Total density (mg/cm3)
	274.16
	51.12
	290.38
	46.41
	251.75
	49.40

	Trabecular density (mg/cm3)
	230.24
	45.60
	236.98
	42.55
	220.93
	48.62

	38% Slice
	
	
	
	
	
	

	Cortical density (mg/cm3)
	1127.35
	37.10
	1133.14
	37.24
	1119.34
	35.92

	Cortical area (mm2)
	300.82
	57.55
	336.43
	40.70
	251.60
	37.67

	Cortical thickness (mm)
	4.84
	0.78
	5.25
	0.65
	4.28
	0.57

	Polar strength strain index (mm3) 
	1842.50
	398.91
	2084.01
	299.57
	1508.64
	250.51

	Total area (mm2)
	477.74
	74.74
	521.30
	55.98
	417.53
	52.30


[bookmark: _Hlk69728396]
At the 4% distal site there were no robust associations between low-, medium- or high-impact physical activity counts and volumetric density or bone size (figure 2), after adjustment for sex, age, BMI and physical activity ((total density 4% slice and low-impact ( -4.58 [-14.03, 4.88]); medium-impact (-2.46 [-9.21, 4.29]); and high-impact (-0.41 [-6.85, 6.03])) and (total area 4% slice and low-impact ( 22.43 [-8.73, 53.77]); medium-impact ( 15.08 [-7.23, 37.40]); and high-impact (13.27 [-8.02, 34.57])). Results from the linear regression analysis demonstrate that greater low-, medium- and high-impact physical activity counts were related to greater total bone area,  and greater volumetric density with greater high-impact activity counts. 
[bookmark: _Hlk86242798][bookmark: _Hlk70584029][bookmark: _Hlk69734386]Positive associations were seen between high-impact physical activity counts and cortical area at the 38% slice (-7.33 [-0.33, 14.98]) , and this association remained after adjustment (6.21 [0.88, 11.54]) (figure 3). Positive regression coefficients between low- , medium- and high-impact physical activity counts and cortical density (low-impact (4.12 [-2.48, 10.72]); medium-impact (3.28 [-1.68, 8.24]); and high-impact (3.24 [-1.76, 8.24])) and cortical thickness (low-impact (0.74 [0.04, 0.31]); medium-impact (0.09 [-0.01, 0.19]) (figure 3); and high-impact (0.06 [-0.04, 0.17])) indicating greater high-impact physical activity counts were related with greater values of cortical density and cortical thickness, however these results did not reach statistical significance after adjustments for confounders. 
High-impact activity counts were also found to be positively associated with polar SSI (75.85 [24.29, 127.41]) and total area (11.85 [2.03, 21.67]) at the 38% slice, and relationships remained after  adjustment for age, sex, BMI, and other physical activity counts ((61.94 [25.73, 98.14]) and (10.09 [3.18, 16.99]) respectively) (figure 4). 
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Figure 2: Associations between increase per unit change (95% confidence interval) in physical activity peaks  and lower limb bone parameters assessed by pQCT, 4% slice, before and after adjustment for age, sex, BMI and impact level
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Figure 3: Associations between increase per unit change (95% confidence interval) in physical activity peaks and lower limb bone cortical parameters assessed by pQCT, 38% slice, before and after adjustment for age at pQCT, sex, BMI and impact level
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Figure 4: Associations between increase per unit change (95% confidence interval) in physical activity peaks   and lower limb bone total area and polar SSI assessed by pQCT, 38% slice, before and after adjustment for age at pQCT, sex, BMI and impact level
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Discussion
[bookmark: _Hlk69734709][bookmark: _Hlk70584291]This study demonstrated the majority ofmost activity peaks recorded in this study population of older adults were at the low-impact (0.5-1.0g) level, with a median count of only 39 median high-impact physical activity peaks (>1.5g) compared to a median count of 5281 low-impact activity peaks. Despite high-activity impact activity being rarely achieved in this study population positive associations were found between high-impact activity counts and cortical area, total area and polar SSI at the 38% slice. Greater counts of low- and medium-impact physical activity were also associated with greater cortical density, cortical area and cortical thickness at the 38% site. However, after adjustments for age, sex and BMI, no associations remained at the distal 4% (trabecular) site. The site-specificty of these observations may be that Aas individuals age, the loss of trabecular bone precedes cortical. The participants in this study were in their eighth decade, by which time we might expect cortical bone loss to be predominating.  Extrapolating this to other sites, such as the hip, where fractures occur in cortical sites, it is possible that maintaining physical activity would positively impact strength here too, at an age where hip fractures predominate.
[bookmark: _Hlk70584376]A number ofSeveral previous studies have described the positive benefits of high-impact physical activity interventions and improvements in musculoskeletal outcomes [10, 23, 24]. For exampleexample, in the LIFTMOR study,  followingstudy, following an 8-month, twice-weekly, 30-minute, supervised high-intensity resistance and impact training (HiRIT) a 2.9% increase in lumbar spine BMD was observed compared to a -1.2% change in the control group who followed a home-based, low-intensity exercise program. An increase was of 0.3% was also observed at the femoral neck BMD in those in the HiRIT group compared to -1.9% in the control groucontrolsp [23]. A randomised controlled unilateral intervention study assessing the effects of impact activities, defined as activities that take advantage of body weight impacting the ground, over a 12-month period reported increases in cortical and trabecular bone mineral content at the trochanter and femoral neck [24]. An intervention to promote physical activity in adults aged 50 to 70 years led  to long term improvements in physical activity at 12 months; the lasting impact of such behavioural interventions is unclear While Hobbs and colleagues demonstrated that the effect of interventions to promote physical activity in adults aged 55 to 70 years can lead to long term improvements in physical activity at 12 months; however, whether individuals continue to adhere to physical activity interventions after the study has been completed is unclear [25]. ThusThus, a greater understanding of habitual physical activity profiles of older adults may help to develop physical activity guidelines that could be integrated into daily life activities, and so may be achievable longer term.
[bookmark: _Hlk88147059]Few studies have monitored habitual levels of physical activity in older adults and explored the associations with lower limb bone strength. One of these studies is the Cohort for Skeletal Health in Bristol and Avon (COSHIBA) [26]. Using the same accelerometer and processing protocol as applied within this study, the majority ofmost habitual physical activity counts observed within study participants were defined as low impact (0.5 – 1.0g), with participants rarely achieving high-impact counts (>1.5g) [26]. Interestingly, in COSHIBA a negative association was observed between low-impact physical activity and tibia cortical BMD adjusted for age and artefact error grade.   Methods are available to translate impact data to daily loading such as the daily impact stimulus and osteogenic index.  Whilst we couldn’t calculate these indices in our study our data agree with previous work in older adults.  The PASSWORD study used the osteogenic index [27] and found, as in the current Hertfordshire cohort, that low impact daily physical activity may decelerate age-related bone loss, and that due to low levels of high impact activity, this alone could not prevent age-related loss.  Together these data that suggest mechanoadaptation of ageing, whereby the set-points of the mechanostat/ sensitivity of osteocytes to changes in strain may adjust to lower levels of loading from muscles.  This would mean that the maintenance of even low levels of activity might drive osteocytes response to alter bone remodelling to maintain strength and educe loss even at lower g strains [28, 29]. Mechanisms of adaptation to reduce bone resorption may be through inhibition of sclerostin and/ or via the RANKL pathway.  [28, 29]. 

[bookmark: _Hlk69735847]In the current study, Aa threshold of 1.5g was used to define ‘high’ impact peaks as very few physical activity peaks were observed in older adults at higher g bands [8], however this threshold is greater than the loading achieved by walking , but would be achievable through such activities as an aerobics class performed by designed for older adults [14]. However As previously noted, the ‘high’ impact peaks used within this study are much lower than would be seen in younger populations [9], for example in adolescents a threshold for vertical impacts of 4g, which are seen during running, was found to be associated with hip BMD [19], and in premenopausal women a positive relationship between hip bone mineral density (BMD) and vertical impact activity counts above a 3.9g [30]. 
[bookmark: _Hlk87968851]
[bookmark: _Hlk86243064]A strength of this study is that physically activity counts were objectively measured using accelerometers, when whereas physical activity data is are obtained using questionnaires participants mayleading to  record inaccurate estimates , which may lead tothrough recall bias or incorrect estimation of time spent active.  Collecting activity data using accelerometers also allows all different impacts of physical activity to be captured, rather than focusing on one or two specific types of activity, andleading to better understanding habitual daily activities profiles of older adults can help inform future physical activities strategies within this age group.  
[bookmark: _Hlk86238016][bookmark: _Hlk70413444][bookmark: _Hlk70340132]Although using accelerometers to obtain vertical impact physical activity counts gives a very detailed profile for a study participant, tThe main limitation of this study is that a vertical impact activity counts, regardless of impact level, does not directly equate to a step or duration of activity. This means that direct translation of the findings of this, and other studies using such vertical impact countssimilar methodologies, into a policy recommendation to quantify prescribe particular exercise levels guidelines  or direct translation into fracture risk reduction is not possible. Whilst the positive associations between activity counts and bone geometry demonstrated in this study are small, it’s likely the effect of greater habitual physical activity levels might not only be beneficial to bone health but all areas of musculoskeletal health.
[bookmark: _Hlk70583207] A further limitation of this study is the two yeartwo-year time gap between collection of physical activity data and collection of pQCT data. This was an opportunistic study taking advantage of multiple visit of participants to the VIBE study and the HCS bone follow-up study. Further longitudinal studies exploring pQCT change and habitual physical activity profiles in older adults would be required to confirm these findings. Another potential limitation is the healthy survivor bias which is unavoidable in a cohort aged  80aged 80 years at follow-up. 
[bookmark: _Hlk69727882][bookmark: _Hlk70582675][bookmark: _Hlk69736455][bookmark: _Hlk86831652]In conclusion, in this relatively healthy cohort of community dwelling men and women low-impact activity was the predominant level of physical activity achieved. High-impact physical activity was associated with greater cortical area and polar SSI. The lack of association at the distal site suggests that the association adaptations in older age are at predominately in cortical bonecortical sites. These results suggest that older adults rarely engage in physical activity with vertical impact loads greater than walking,  , however even small amounts of high-impact physical activity may be beneficial for bone health. This study provides insights into habitual mechanical loading of older adults, , and could be used as evidence to develop strategies to encourage older adults to remain active regardless of the impact level. 
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